Abstract. Taspine has been indicated to be a potential anti-carcinogenic agent. The present study investigated the effects of TAS9, a modified taspine derivative, on the proliferation and migration of the SMMC-7721 human liver cancer cell line. First, the effects of TAS9 on SMMC-7721 cell growth were examined using MTT and colony formation assaya. In vivo Transwell and wound healing assays were then performed to assess the inhibitory effects of TAS9 on cell invasion and migration, respectively. The expression of cell proliferation-and migration-associated signaling molecules was investigated by western blot analysis. The results indicated that TAS9 inhibited SMMC-7721 cell growth by downregulating the signaling molecules protein kinase Cβ (PKCβ), Akt, mammalian target of rapamycin, mitogen-activated protein kinase kinase 2, RAF and c-Jun N-terminal kinase-1, and inhibiting SMMC-7721 cell migration by suppressing the expression of matrix metalloproteinase (MMP)-2, MMP-9, chemokine (C-X-C motif) receptor 4, nuclear factor κB, p38 and p53. Small interfering RNA-mediated knockdown of PKCβ in the SMMC-7721 cells significantly attenuated the tumor inhibitory effects of TAS9. In conclusion, the results of the present study suggested that TAS9 may have inhibitory effects on the proliferation and migration of SMMC-7721 cells, and may serve as a potential candidate for cancer treatment.
Introduction
The major cause of hepatocellular cancer-associated mortality is not only the growth of the primary tumor, buy also the invasive spread of cancer cells to a secondary site (1, 2) . Tumor metastasis is a complex process involving numerous key steps, one of which is tumor cell migration, which is responsible for the entry of tumor cells into blood vessels and lymph nodes (3) .
Various molecules and signaling cascades are involved in the proliferation-and metastasis-associated signaling pathways, including the phosphatidylinositol 3-kinase (PI3K)/Akt, Ras/Raf/mitogen-activated protein kinase (MAPK) and phospholipase-C (PLC)γ/protein kinase C/(PKC) signaling pathways, as well as matrix metalloproteinases (MMPs) and endogenous CXC chemokine receptor-4 (CXCR4) (4, 5) . The deterioration of the extracellular matrix (ECM) is an important step in tumor metastasis, in which MMPs, an important family of proteinases, have an active role. Among the MMPs that have been identified, increasing evidence showed that MMP2 and MMP9 are able to efficiently degrade native collagen types IV and V, fibronectin, entactin and elastin, and their overexpression is closely associated with poor prognosis in patients (6) (7) (8) . MMP2 and -9 are therefore considered to be crucial for tumor cell migration and invasion, leading to metastasis.
Hepatocellular carcinoma (HCC), the fifth most common solid tumor type, is one of the leading causes for cancer-associated mortality worldwide (9) . Despite significant advances in early detection and therapy, tumor recurrence in HCC patients can occur as metastases, whereas >90% of HCC-associated mortalities are the result of secondary local or distant disease. In the majority of patients diagnosed with HCC, the tumor can be surgically removed; however, the cancer is able to metastasize to distant organ sites. The best treatment option available for patients with HCC is systemic pharmacotherapy (9) .
Taspine is a small molecular compound that exhibits various biological properties, including bacteriostatic, anti-biotic, antiviral, anti-inflammatory, anti-ulcer and anti-cancer effects (10) (11) (12) (13) (14) (15) . TAS9 ( Fig. 1) is a modified taspine derivative with increased activity and solubility (16) . In the present study, the effects of TAS9 on tumor growth and migration of SMMC-7721 human liver cancer cells as well as the associated signaling pathways were investigated to elucidate the mechanisms underlying the anti-tumorigenic effects of TAS9.
Materials and methods
Reagents. RPMI-1640, dimethyl sulfoxide (DMSO) and MTT were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from GE Healthcare Life Sciences (Logan, UT, USA Cell culture conditions. The SMMC-7721 human hepatocellular carcinoma cell line was obtained from Shanghai Institute of Cell Biology of the Chinese Academy of Sciences (Shanghai, China) and was cultured in RPMI-1640 medium supplemented with 10% FBS and 0.1% penicillin/streptomycin. The cultures were maintained at 37˚C in a CO 2 incubator (Panasonic, Osaka, Japan) with a controlled humidified atmosphere containing 5% CO 2 .
Colony formation assay. The SMMC-7721 cells were plated at a density of 5x10 2 cells/well in 12-well plates and then incubated for 24 h. The cells were subsequently treated with or without TAS9 at concentrations of 1.75, 3.5, 7 µM for 48 h or without TAS9 as a control group. Colonies with cell numbers of >50 cells per colony were counted following staining with crystal violet solution. All the experiments were performed in triplicate wells in three independent experiments.
Cell viability assay. The effects of TAS9 on cell viability were assessed using an MTT assay. Briefly, exponentially growing SMMC-7721 or small interfering (si)RNA-transfected cells were plated at a density of 5x10 3 cells/well in 96-well plates and then cultured for 24 h. The cells were subsequently treated with TAS9 at 1.75, 3.5, 7 µM for 10-15 days or without TAS9 as a control group. Cell proliferation reagent MTT was added to each well, and cells were incubated for a further 4 h at 37˚C in an atmosphere containing 5% CO 2 . The resulting formazan crystals were dissolved in DMSO (150 ml/well) with constant agitation for 15 min. Absorbance of the plates was read using a 550 microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 490 nm.
Wound healing assay. The SMMC-7721 cells were seeded into 12-well plates (6x10 5 cells/well) and cultured to 80% confluence overnight. Wounds were generated on the following day by performing line-shaped incisions of the monocell layers with pipette tips (100-200 µl). The SMMC-7721 cells were then treated with or without TAS9 at concentrations of 1.75, 3.5 and 7 mM, while cells were allowed to migrate into the scratched area. The migration of the cells was visualized at 0 h (immediately following wound scratching), 48 h and 72 h following treatment with TAS9 using a DM505 microscope (Nikon Corporation, Tokyo, Japan).
Migration assay. The cell migration assay was performed using a Transwell system, which allows the cells to migrate through an 8 mm-pore millicell polycarbonate membrane (Baihao, Tianjin, China). Briefly, the SMMC-7721 cells were serum-starved for 24 h and subsequently plated (1x10 4 cells/well) in serum-free medium containing TAS9 at concentrations of 1.75, 3.5 and 7 µM in the upper chamber of a 12-well plate. The lower chamber was filled with 1.5 ml medium supplemented with 10% FBS. After 48 h, the cells remaining on the upper surface of the membranes were gently removed using a cotton swab, and the cells on the lower surface of the membranes were fixed with cold methanol for 15 min and stained with 0.2% crystal violet. The cells that had migrated to the bottom of the membranes were visualized using a DM505 inverted microscope, and then counted in random fields. For each repetition, the cells in four randomly selected fields were counted and averaged. The data were expressed as a ratio of the untreated group.
Western blot analysis. The protein of the SMMC-7721 cells treated with or without TAS9 for 48 h was extracted using RIPA lysis buffer containing 10% protease inhibitor and phosphatase inhibitor cocktail (Roche Diagnostics) on ice for 30 min. The insoluble protein lysate was removed by centrifugation at 13,500 x g for 10 min at 4˚C. The protein concentration was determined using a BCA Protein Quantification kit according to manufacturer's instructions. The cell lysates were denatured by boiling with a 5X reducing sample buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 5 min, and separated by 10% SDS-PAGE (Shaanxi Pioneer Biotech Co., Ltd.). Following electrophoresis, the separated proteins were transferred to polyvinylidene fluoride membranes (Hangzhou Microna Membrane Technology Co., Ltd., Hangzhou, China) and blocked with 5% non-fat milk in tris-buffered saline (Baihao) containing Tween-20 (TBST; Shaanxi Pioneer Biotech Co., Ltd.) for 2 h at room temperature with continuous agitation. The membranes were then incubated with specific primary antibodies, including anti-MMP-2 (1:500), anti-MMP-9, anti-mTOR, anti-Akt, anti-PKCβ, anti-mitogen-activated protein kinase kinase (MEK)-2, anti-RAF, anti-c-Jun N-terminal kinase-1 (JNK)-1, anti-CXCR4, anti-nuclear factor (NF)-κB, anti-p38, anti-p53 (1:1,000) and anti-GAPDH (1:2,000) antibodies overnight at 4˚C, followed by three washes with TBST every 10 min, and incubation with secondary antibodies at a dilution of 1:40,000 in TBST for 1 h at 37˚C. The membranes were then washed three times with TBST for 10 min and developed using the ECL kit. A Lane 1D TM transilluminator (Beijing Creation Science Co., Ltd., Beijing, China) was used to capture images of the blots. Image-Pro Plus 5.1 (Media Cybernetics, Inc., Rockville, MD, USA) was used to quantify the protein levels.
RNA interference. Specific knockdown was achieved using small interfering (si)RNAs targeting PKCβ or a control siRNA. A smart pool of double-stranded siRNAs targeting PKCβ as well as non-specific siRNAs were obtained from Shanghai GenePharma Co., Ltd. The siRNA sequences were as follows: Forward, 5'-GCGACCUCAUGUAUCACAUTT-3' , and reverse, 5'-AUGUGAUACAUGAGGUCGCTT-3' for PKCβ; and forward, 5'-UUCUCCGAACGUGUCACGUTT-3' , and reverse, 5'-ACGUGACACGUUCGGAGAATT-3' for the control. For transfection, siRNA was delivered at a final concentration of 80 nM using Lipofectamine ® 2000 reagent according to the manufacturer's instructions. The cells were incubated for 24 h to allow knockdown of PKCβ. These cells were then used for the proliferation assays.
Reverse-transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA from the SMMC-7721 cells was isolated using a Total RNA Extraction kit (Takara Biotechnology Co.). Total RNA was then reverse-transcribed in 20 ml reaction solution (containing 4 µl total RNA and 16 µl PCR mixture) using a Revert AID™ First Strand cDNA Synthesis kit (Takara Biotechnology Co.). The cDNA was synthesized using Bio-Rad iScript Reverse Transcriptase (Bio-RAD Laboratories, Inc.) and the PCR reactions were performed using a Thermal Cycler Dice Real Time system (Takara Biotechnology Co.). The primer sequences were as follows: GAPDH forward, 5'-CACCCACTCCTCCACCTTTG-3' and reverse, 5'-CCACCACCCTGTTGCTGTAG-3'; PKCβ 
Statistical analysis.
Values are expressed as the mean ± standard deviation of data from several repetitions. Statistical analyses of differences between groups were performed using GraphPad Prism v5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and Student's t-test was used to analyze statistical differences between groups under various conditions. P<0.05 was considered to indicated a statistically significant difference.
Results

TAS9 inhibits SMMC-7721-cell proliferation.
To assess the effects of TAS9 on cell proliferation, SMMC-7721 cells were treated with TAS9 at concentrations of 0, 0. (Fig.  2A) . The MTT as well as the colony formation assay indicated that TAS9 significantly inhibited the proliferation and clonogenicity of SMMC-7721 cells.
TAS9 inhibits SMMC-7721-cell metastasis.
To investigate the effects of TAS9 on SMMC-7721-cell migration and invasion, wound healing and Transwell assays were performed. The Transwell assay indicated that after 48 h of incubation, cells migrated to the lower surface of the membrane, which was inhibited by TAS9 in a dose-dependent manner ( Fig. 2B and D) . In the wound healing assay, cells in the control group rapidly moved into the scratched area and almost covered the wounds, while cells treated with TAS9 had migrated to a lesser extent than those in control group after 72 h (Fig. 2C) . TAS9 decreased the distance of cell migration in a dose-dependent manner, and fully inhibited cell migration at the highest concentration of 7 µM. These results validated that TAS9 inhibited SMMC-7721-cell invasion and migration.
TAS9 inhibits cell growth via PI3K/Akt and MAPK signaling pathways.
In order to elucidate the underlying mechanisms of the anti-proliferative effects of TAS9, the expression levels of PKCβ, Akt and mTOR, which are representative molecules of the PI3K/Akt signaling pathways, were assessed. Of note, TAS9 significantly inhibited the expression of PKCβ, Akt and mTOR in SMMC-7721 cells, suggesting that TAS9 may act via the PI3K/Akt signaling pathway to inhibit cell proliferation ( Fig. 3A and B) . In addition, the expression levels of MEK-2, RAF and JNK-1, which are representative molecules of the MAPK signaling pathway, were assessed. The results showed that the expression levels of MEK-2, RAF and JNK-1 were significantly decreased in SMMC-7721 cells following treatment with TAS9 ( Fig. 3C and D) . Therefore, TAS-9 exerts its anti-proliferative effects by decreasing the expression of PKCβ, Akt and mTOR in the PI3K/Akt signaling pathway as well as decreasing the expression of MEK-2, RAF and JNK-1 in the MAPK signaling pathway.
ETAS9 decreases cell migration-associated signaling. As shown in Fig. 4A and B, TAS9 was able to significantly inhibit MMP-2 expression; furthermore, MMP-9 expression was inhibited in a dose-dependent manner, as compared with that in the control. Furthermore, the expression of the cell migration-associated proteins CXCR4, NF-κB, P38 and P53 was downregulated by treatment with TAS9 at the concentrations of 1.75, 3.5 and 7 µM (Fig. 4C and D) .
Knockdown of PKCβ. As PKCβ expression was most significantly downregulated by TAS9 amongst all proteins assessed in the present study ( Fig. 3A and B) , siRNA-mediated knockdown of PKCβ was performed in SMMC-7721 cells in order to further elucidate its role in the mechanism of action of TAS9. The mRNA and protein expression levels of PKCβ were quantified by RT-qPCR and western blot analyses in untreated, control-transfected and PKCβ-knockdown SMMC-7721 cells. As shown in Fig. 5A -C, PKCβ was selectively knocked down in the SMMC-7721 cells. In order to validate the roles of PKCβ in SMMC-7721 cells treated with TAS9, wild-type and PKCβ-knockdown SMMC-7721 cells were treated with TAS9 at various concentrations and subjected to an MTT assay. TAS9 inhibited the growth of native as well as PKCβ-knockdown cells in a dose-dependent manner; however, the inhibitory effects on the SMMC-7721 PKCβ-knockdown cells were markedly reduced as compared with those on the control cells (Fig. 5D) . siRNA-mediated knockdown of PKCβ in SMMC-7721 cells significantly attenuated the anti-proliferative effects of TAS9, suggesting that PKCβ is involved in the mechanisms of action of TAS9.
Discussion
In the present study, the anti-tumorigenic effects of TAS9 on SMMC-7721 hepatocellular carcinoma cells were investigated. The anti-neoplastic effects of TAS9 may be attributed to the inhibition of cancer-associated biochemical mechanisms, including inhibition of cell proliferation, migration and invasion, as well as regulation of the corresponding signal transduction pathways. The results of the present study demonstrated that TAS9 exerts its anti-tumorigenic effects via inhibiting cell proliferation and migration in SMMC-7721 cells. TAS9 may have important roles in reducing cell survival and proliferation, as well as decreasing the migratory and invasive potential of SMMC-7721 cells.
The molecular signaling pathways associated with cellular growth are diverse and include the PI3K/AKT, MAPK and PLCγ/PKC signaling pathways (17) (18) (19) . Upregulation of these pathways may cause aberrant cell proliferation. Upon activation by calcium and diacylglycerol, members of the PKC family can phosphorylate a diversity of protein targets at serine and threonine moieties to activate molecular signaling pathways (20, 21) . AKT regulates cell growth, proliferation, migration and apoptosis by interacting with its numerous downstream protein targets (17) . mTOR belongs to the PI3K protein family, and is an important kinase that can regulate cell growth and proliferation (18) . The MAPK/ERK pathway is a junction point for numerous biochemical signaling pathways, which regulates cell proliferation, differentiation and development. JNK-1, MEK-2 and RAF are key checkpoints in these pathways (21) . Furthermore, in the MAPK/ERK pathway, RAS binds to RAF and thereby activates to trigger a kinase cascade involving the phosphorylation of MRK, followed by phosphorylation of MAPK to affect cell growth and tumorigenesis (23, 24) . The results of the present study showed that TAS9 exerted its inhibitory effects by reducing the expression of PKCβ, AKT, MEK-2, mTOR, JNK-1 and RAF, indicating TAS9 may target the PI3K/AKT, PLCγ/PKC and MAPK signaling pathways to suppress tumor progression.
The formation of metastasis mostly occurs at advanced tumor stages and requires a series of sequential events resulting in the translocation of cells from the primary tumor mass to distant sites of the body to form secondary tumors; these steps include the reduction of cell adhesion, as well as enhancement of the invasive, proliferative and vessel-forming potential of the cells (25, 26) . By contrast, interference with any of these steps may prevent tumor migration and metastasis. In the present study, TAS9 was demonstrated to exert inhibitory effects on cell migration by downregulating the expression of proteins associated with metastasis formation. MMP2 and MMP9 have key roles in cancer-cell invasion and metastasis; hence, inhibiting the expression of MMP2 and MMP9 is the most direct approach for anti-metastatic therapies (2, 27) . Furthermore, the expression of CXCR4 in cancer cells was linked to metastasis, and its inhibition may therefore block tumor migration (28) . NF-κB has important roles in numerous signaling pathways associated with cell proliferation and migration, as well as the promotion and progression of cancer (29, 30) . P53, which has anti-proliferative and tumor-suppressive effects, is a frequently mutated gene in human cancers; however, its overexpression may be correlated with tumor metastasis, recurrence and poor prognosis (31) . Inhibition of P38 was shown to block the migration of epithelial cells (32) . P53 as well as P38 are essential for cell migration, fusion and proliferation. In the present study, treatment with TAS9 reduced the protein expression levels of not only MMP-2 and MMP-9, but also CXCR4, NF-κB, p53 and p38, indicating that TAS9 inhibited cell migration.
PKCβ is important for cell survival and tumor development in-vivo, and inhibition of PKCβ induces apoptosis and stimulates tumor necrosis factor and NF-κB signaling (33) . The results of the present study indicated a significant reduction in the protein expression levels of PKCβ in SMMC-7721 cells following treatment with TAS9. To further investigate the role of PKCβ, siRNA-mediated knockdown of PKCβ in SMMC-7721 cells was performed, which significantly attenuated the inhibitory effects of TAS9. The inhibitory effects of TAS9 on the SMMC-7721 wild-type cells were markedly increased as compared with those on the SMMC-7721 PKCβ-knockdown cells, which suggested that PKCβ is an important target of TAS9.
In conclusion, the proliferative and migratory potential of SMMC-7721 hepatocellular carcinoma cells was suppressed by TAS9 via the MAPK and PI3K/AKT signaling pathways and by downregulating MMP2, MMP9, CXCR4, NFκB, P38 and P53.
In addition, knocking down of PKCβ significantly decreased the inhibitory effects of TAS9 on the proliferation of SMMC-7721 cells. These results suggested that TAS9 is a potential anti-cancer agent, which may be used for treating hepatocellular carcinoma.
